Volcanism on Mercury: Evidence from the First
the LRM are also seen in the MASCS data (30) . From these observations and previous work (2-7, 10, 18, 21) , we propose that Mercury's crust is composed of iron-poor calcium-magnesium silicates (e.g., plagioclase, enstatite, pigeonite, and diopside) with a detectable component of spectrally neutral opaque minerals. Ilmenite (FeTiO 3 ) is the most likely candidate based on lunar analogy and cosmochemical abundance considerations. This lithology is broadly basaltic to gabbroic, with nearly all ferrous iron contained in opaque minerals and not in silicates, requiring redox conditions at or near the iron-wüstite buffer. An alternative to ilmenite is native iron metal, but such a material is relatively red at typical lunar regolith grain sizes (29, 31) and implies more reducing conditions than iron-wüstite. The distinctively red smooth plains (HRP) appear to be large-scale volcanic deposits stratigraphically equivalent to the lunar maria (20) , and their spectral properties (steeper spectral slope) are consistent with magma depleted in opaque materials. The large areal extent (>10 6 km 2 ) of the Caloris HRP is inconsistent with the hypothesis that volcanism was probably shallow and local (10) ; rather, such volcanism was likely a product of extensive partial melting of the upper mantle. Lunar Planet. Sci. 39, abstract 1082 (2008) .
32. The origin of plains on Mercury, whether by volcanic flooding or impact ejecta ponding, has been controversial since the Mariner 10 flybys (1974-75). High-resolution images (down to 150 meters per pixel) obtained during the first MESSENGER flyby show evidence for volcanic vents around the Caloris basin inner margin and demonstrate that plains were emplaced sequentially inside and adjacent to numerous large impact craters, to thicknesses in excess of several kilometers. Radial graben and a floor-fractured crater may indicate intrusive activity. These observations, coupled with additional evidence from color images and impact crater size-frequency distributions, support a volcanic origin for several regions of plains and substantiate the important role of volcanism in the geological history of Mercury.
V olcanic deposits provide important clues to mantle composition, the location of past interior thermal anomalies, and the general thermal evolution of a planet. Relative to the other terrestrial planets, little is known with certainty concerning the history of volcanism on Mercury. In the more than three decades since Mariner 10 flew by Mercury in 1974-75, debate has persisted about the presence or absence of volcanic deposits (1), a question we address with data from the first flyby of Mercury by MESSENGER.
Whereas the Moon has distinctive compositionrelated differences in reflectance between highlands and volcanic maria, the reflectance of Mercury and of its smooth plains is relatively uniform, and therefore the role of volcanism is less obvious. Mariner 10 images, obtained shortly after the Apollo 16 mission to the Moon, revealed two widespread plains units that are similar to the lunar Cayley light plains (2, 3): smooth plains and intercrater plains (4) . These plains deposits on Mercury were interpreted to be volcanic in origin, on the basis of their smoothness and apparent ponding and embayment of lowland terrain (4, 5) . Other researchers, influenced by Apollo 16 results showing that similarappearing deposits on the Moon were impact breccias, argued that Mercury's smooth plains represented basin ejecta deposits (3, 6) . The relatively low resolution of Mariner 10 images (typically~1 km per pixel) was insufficient to resolve this issue. Lunar-like volcanic features, such as small shields, cones, sinuous rilles, and other vent-related structures, were not detected in Mariner 10 images (7, 8) , and the features that were observed did not provide conclusive evidence of a volcanic origin. For example, lobate fronts exposed at the edge of smooth plains suggested the presence of volcanic flow margins on Mercury, but similar features have been identified on the margins of lunar basin ejecta flows (8, 9) . The density of impact craters on Caloris basin ejecta and nearby smooth plains deposits suggested that the plains were emplaced after the Caloris basin had formed (10), providing evidence that they might be volcanic in origin, not contemporaneous ejecta emplacement. Some lunar Cayley plains, however, display younger ages than adjacent basin ejecta (11) . Reprocessed Mariner 10 color data (12) show color boundaries for smooth plains units, suggesting a distinctive mineralogy. Theoretical studies (8, 9) indicate that a thick low-density crust could inhibit effusive eruptions, particularly if aided by global compression (13) . Thus, conclusive evidence was lacking for the origin of smooth and intercrater plains and for establishing the role of volcanism in the history of Mercury (1, 14) .
The first MESSENGER flyby of Mercury has provided high-resolution multispectral images of regions both seen and unseen by Mariner 10, including the interior plains of the Caloris basin, the circum-Caloris region characterized by smooth plains, and regions of smooth and intercrater plains near the terminator. The data show a variety of evidence for volcanic features and deposits across this part of the planet. The new images (Figs. 1 to 4) reveal several volcanic vents and related deposits distributed along the southern margins of the Caloris basin interior and characterized by distinctive color anomalies (15, 16) (Fig. 1) . Several irregularly shaped rimless depressions are surrounded by smoother deposits that have albedos differing from those of surrounding units. For example, along the southern margin of Caloris, a kidney-shaped depression about 20 km long is centered on a smooth deposit that is greater than 100 km in diameter (Fig. 1) . A relatively bright deposit that surrounds the kidney-shaped depression to a radial distance of about 25 km appears to discolor or mantle the underlying terrain and becomes more diffuse toward its edges. Several small irregular depressions are observed in the southwestern part of the smooth deposit. Each has an irregular shape similar to those of volcanic vents on other planetary bodies, unlike the generally circular shapes of primary craters and elongated secondary craters with rims. These features and their close association with the distinctive smooth deposits imply that these broad structures are volcanic vents.
Although altimetry data are not available for this region, several lines of evidence suggest that the broad feature is domelike in nature (Fig. 1) . The decrease in brightness along the northwestern deposit is consistent with a surface sloping away from the kidney-shaped depression in the downsun direction. Small massifs at the Caloris basin rim to the southwest appear to be partially buried, which suggests that they are covered by volcanic deposits from this region. Finally, two large impact craters (~25 to 30 km across) straddle the northwestern edge of the deposit. Both contain interior deposits (walls and rough floors) that are typical of impact craters of this size (17) and seen elsewhere in Fig. 1 . The rim and exterior deposits differ between the two craters, however: The eastern rim of the southernmost crater is heavily embayed (toward the central part of the feature) such that its rim crest is no longer visible. Rim heights of fresh Mercury craters of the same size (17) imply that about 800 m of lava would be required to flood the crater to the level of the rim crest. Thus, on the basis of these lines of evidence, we interpret this structure to be a broad, low shield volcano similar in character to mare domes on the Moon that erupted a sequence of lava flows (18) . At least four similar examples are seen in the southern part of the interior Caloris basin rim (15) . The diffuse-bordered bright halo surrounding the kidney-shaped depression in Fig.  1 is interpreted to consist of pyroclastic deposits emplaced from vent-centered eruptions, on the grounds that similar kidney-shaped depressions and pyroclastic deposits have been documented on the Moon (19) .
MESSENGER images show that many impact craters and areas between craters have been flooded with lava. Large fresh impact craters ( Fig. 2A ) have rough flat floors; central peaks and peak rings; terraced walls; and-beyond the interior-a sharp rim crest, raised rim, and radially textured ejecta. Crater chains and crater clusters are seen in many exterior ejecta deposits. Volcanically modified impact craters on the Moon, such as Archimedes crater within the Imbrium basin (20) , have a shallow, smooth crater floor, a lack of peaks and peak rings, and flooded and embayed exterior deposits.
The morphology of a large, degraded~240-km-diameter impact crater near the terminator offers an opportunity to compare fresh and degraded craters and the processes responsible for their modification (Fig. 2B) . The crater is located far from the Caloris basin rim (1375 km to the southwest), and there is no radial texture suggestive of ejecta emplacement from a nearby impact basin. Smooth plains nearly fill the crater and also embay the interior crater walls, which is suggestive of volcanic flooding. Five smaller impact craters are superposed on the degraded crater: Three lie on the rim crest, one lies outside the crater (to the northwest), and one lies on the southern part of the crater floor. In contrast to fresh craters ( Fig. 2A) , the 85-km-diameter crater on the southern crater floor has been embayed along its northern margin up to the base of the raised rim, and all of its exterior ejecta have been buried by the emplacement of plains, which also flood its interior. Similar relations are seen on the three craters on the degraded crater rim. Crater floor plains embay the exterior ejecta of each of these craters, up to the base of their respective raised rims, although exterior ejecta deposits are preserved elsewhere on the degraded crater rim. Ejecta from the large superposed crater to the northwest, once present on the floor of the degraded crater, are now buried by smooth plains.
Small "ghost" craters, apparently buried by plains emplacement, are also observed (Fig. 2C ).
Fresh craters with diameters similar to that of the large degraded crater are generally more than 5 km deep (17) , and yet this crater has undergone substantial shallowing. The degraded state of the crater and the superposition of numerous large craters on it imply an extended interval of modification. Moreover, the embayment and burial of the exterior deposits of each of these craters by smooth plains suggest that more recent and sequential volcanic flooding was involved. In addition, the presence of flowlike scarps and ghost craters, the lack of basin ejecta sculpture, and the distance from known basins all combine to favor a volcanic origin for the emplacement of these crater interior plains. Subsequent to flooding, a large northeast-to-southwest-trending fault scarp (Fig. 2, B and C) cut the interior superposed crater and the southern part of the degraded crater.
On the Moon and Mars, volcanically flooded impact craters are often outlined by circular wrinkleridge patterns (21) (Fig. 3B) . The rim crests of impact craters that are almost completely flooded by lavas act to localize deformation of the volcanic sequence, forming the wrinkle-ridge ring. MESSENGER near-terminator image data reveal a large (~60-km-diameter) wrinkle-ridge ring in an area of extensive smooth plains (Fig. 3A) . Several small knobs, interpreted to be the remnants of the crater rim crest, are all that remain of the crater. This structure interrupts a regional northeasttrending pattern of wrinkle ridges. If the current ring diameter (60 km) is a good approximation of the original size of the crater, about 2.7 km of lava fill would be required to flood the original crater to its rim crest (17) . Several other wrinkle-ridge rings are observed in this region. These observations further attest to the emplacement of substantial thicknesses of volcanic plains.
Intrusive activity is a prerequisite for volcanism, and the MESSENGER data reveal possible candidates for shallow sills and dikes. On the Moon, fractures on crater floors have been interpreted to form either by viscous relaxation (22) or the intrusion of sills and uplift of crater floors (23) . The presence of floor-fractured craters was suspected from Mariner 10 data (24) , and the MESSENGER data confirm their presence (Fig. 4) . A~35-km-diameter crater, located near the margins of the extensive plains units, shows two fractured domes on its floor (Fig. 4) . The local- A second candidate for magmatic intrusion is Pantheon Fossae, a radial graben structure in the center of the Caloris basin (15) . Over 100 graben, typically 2 to 3 km wide and tens to hundreds of kilometers long, radiate away from the center. Several hypotheses are being assessed for the origin of this feature (15) (Fig. 4B ), but one possible mechanism-which was proposed for morphologically similar features (astra) on Venus (Fig. 4C )-is that rising magma forms a reservoir at a neutral buoyancy zone below the surface, and over-pressurization of the reservoir results in emplacement of radial dikes. Shallow radial dikes imply that the near-surface stress field is extensional; as a result, graben tend to form over the dikes. Under some conditions, dikes will give rise to associated extrusive volcanism, whereas under other conditions, dikes remain largely intrusive (25) . So far, Pantheon Fossae is the only such radial graben structure observed on Mercury; in contrast, more than 60 astra have been documented on Venus (26) . The location of the single Mercury example in central Caloris basin might be related to pressure-release melting induced by mantle upwelling localized by basin formation (27) , in which case additional examples might be sought at the centers of other basins on Mercury.
These data, together with multispectral images and spectra showing evidence for multiple plains units (16) of different ages (28), substantiate the role of volcanism as an important process in the geological history of Mercury. The volcanic style of Mercury appears to be similar to that of the Moon, with regional volcanic plains filling craters, basins, and intervening areas early in the history of the planet. That style contrasts with the huge volcanic edifices and more extended duration of volcanism on Mars and the plate-boundary and hot spot volcanism on Earth. Fig. 4 . Floor-fractured crater and radial graben structure, suggestive of intrusive processes on Mercury, as compared with a structure on Venus. (A) Floor-fractured,~35-kmdiameter crater (inset); two mounds on the crater floor show networks of fractures. The floor-fractured crater is near extensive tracts of smooth plains to the west and northwest, interpreted to be of extrusive volcanic origin (Fig. 3A) (mosaic of MDIS NAC images EN0108826972M and EN0108826977M, centered at 6.5°N, 100.5°E). Radial graben structure (Pantheon Fossae) on Mercury and astrum on Venus: (B) Sketch map of graben radiating from near the center of the Caloris basin, superposed on MESSENGER MDIS image shown as negative to enhance the visual contrast of ejecta; bright areas are crater ejecta (MDIS NAC image EN0108828540M, centered at 29.9°N, 162.9°E). (C) Astrum on Venus, interpreted to be a shallow intrusion surrounded by graben formed by radial dike emplacement (25, 26) (Becuma Mons, 34°N, 21.5°E) (portion of Magellan image C1-MIDR.30N027.102).
